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Abstract: Pyrrolnitrin is produced by Pseudomonas fluorescens and plays an important role in control of pathogenic fungi. The
prnABCD gene cluster codes for enzymes involved in biosynthesis of pyrrolnitrin. Among the four genes, prnD is very important
as it codes for arylamine N-oxygenase, the only biochemically characterized oxygenase involved in oxidation of the amino group of
aminopyrrolnitrin to a nitro group to form pyrrolnitrin. A strain of Pseudomonas fluorescens RajNB11 efficient for antifungal activity
was found to produce pyrrolnitrin. The prnD gene product of P. fluorescens RajNB11 that catalyzes the final step of production of
pyrrolnitrin was characterized in the present study with regards to its stability and catalytic activity. The prnD gene was amplified from
RajNB11, sequenced, translated, and 3-D modeled to its protein structure. The modeled protein of the test organism was compared to
PrnD proteins of Burkholderia sp. and Serratia sp. The protein from P. fluorescens was found to be basic, hydrophilic with higher thermal
stability, and easily separated after expression and purification. The protein of P. fluorescens was found to have a better folded structure,
more serine residues in the active site, and better active site properties and isoelectric point value in comparison to PrnD proteins of
Burkholderia and Serratia.
Key word: Pseudomonas fluorescens, pyrrolnitrin, cloning, protein modeling

1. Introduction
The members of the genus Pseudomonas are significant
due to their widespread distribution in soils, ability to
colonize the rhizosphere of host plants, and capacity to
produce a large number of compounds antagonistic to
various plant pathogens (Haas et al., 1991; Thomashow
et al., 1997). Several strains of fluorescent Pseudomonas
have been successfully demonstrated to control Fusarium
wilts, take-all disease of wheat, and tobacco root rot
(Weller et al., 2002; Lemanceau et al., 2006). The
production of antifungal secondary metabolites such
as 2,4-diacetylphloroglucinol, pyoluteorin, phenazines,
pyrrolnitrin (PRN), or hydrogen cyanide is a prominent
feature of many biocontrol fluorescent Pseudomonas spp.
(Dowling and O’Gara, 1994; Thomashow and Weller, 1996;
Raaijmakers and Weller, 1998). Pyrrolnitrin, a secondary
metabolite with strong antifungal activity, was first isolated
and described from Pseudomonas pyrrocinia (Arima
et al., 1964, 1965). The prnABCD gene cluster codes for
four enzymes involved in the biosynthesis of pyrrolnitrin
* Correspondence: saxena461@yahoo.com

from tryptophan at four different steps, which involves
conversion of L-tryptophan to 7-chlorotryptophan
followed by formation of monodechloroaminopyrrolnitrin
at the second step, processed for chlorination to form
aminopyrrolnitrin at the third step and finally converted
to pyrrolnitrin (Hammer et al., 1997). One of the 4 genes,
prnD, has a nucleotide length range between 1098 and
1140 bp and codes for a protein that shows homology to
3-chlorobenzoate-3,4-dioxygenase (cbaA) of Alcaligenes
sp., phthalate 4,5-dioxygenase (pht3) of Pseudomonas
putida, and vanillate demethylase (vanA) of Pseudomonas
sp. (Hammer et al., 1997; de Souza and Raaijmakers, 2003).
The product of the prnD gene catalyzes the oxidation of
the amino group of aminopyrrolnitrin to a nitro group
to form pyrrolnitrin (Kirner et al., 1998; Hammer et al.,
1999; Lee et al., 2005, 2006) in the last step of the PRN
biosynthetic pathway. The PrnD protein has a very specific
and important function in the oxidation of amino group,
whereas similar structural proteins perform oxidation
in different synthetic pathways (Mason and Cammack,
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1992). This highly active metabolite (pyrrolnitrin) has
been used as a clinical antifungal agent for the treatment
of skin mycoses (Umio et al., 1986; Tawara et al., 1989). A
phenylpyrrole derivative of PRN has also been developed,
which is used as an agricultural fungicide (Nevill et al.,
1988; Gehmann et al., 1990). In this study, we have analyzed
the structural model of the PrnD protein of Pseudomonas
fluorescens RajNB11 and compared it with PrnD protein
models of two other genera in order to find out the relation
and percent similarity of protein with regards to structure
and composition in 3 different bacterial genera as they are
specific for production of pyrrolnitrin.
2. Materials and methods
2.1. Bacterial strain, DNA extraction, and amplification
of prnD and 16S rRNA gene
2.1.1. Bacterial strain and genomic DNA extraction
A bacterial strain was isolated from a sediment sample
collected from Bramhkund (pH 5.8), Rajgir thermal
springs, India, through a serial dilution plating technique
using King’s B medium following incubation at 37 °C. A
purified single colony was used for Gram staining test and
observed under a microscope. The culture was streaked on
King’s B medium plates and observed under UV light for
production of fluorescent pigments. A single colony of the
bacterial strain was inoculated in Luria broth (Sambrook
et al., 1989) and incubated overnight at 37 °C for growth.
Culture broth was harvested for genomic DNA extraction
by the method described by Raaijmakers et al. (1997).
Genomic DNA was quantified and assayed on 0.8%
agarose gel (Singh et al., 2013).
2.1.2. Amplification of pyrrolnitrin D (prnD) gene
A
set
of
primers,
PRND1
(5’-GGGGCGGGCCGTGGTGATGGA-3’) and PRND2
(5’- YCCCGCSGCCTGYCTGGTCTG-3’) (de Souza and
Raaijmakers, 2003), were used to amplify the pyrrolnitrin
D (prnD) gene from Pseudomonas fluorescens strain
RajNB11. The PCR cocktail contained 100 ng of DNA
template, 1X Taq buffer, 0.2 mM each of dNTPs, 20
pmol of each primer, 1.5 mM MgCl2, and 2 U of Taq
DNA polymerase (Promega). The PCR was performed
in a thermocycler (GeneAmp PCR System 9700, Applied
Biosystems Inc., USA) using the following conditions:
initial denaturation of 5 min at 94 °C, followed by 40 cycles
consisting of 30 s at 94 °C (denaturation), 45 s at 62 °C
(annealing), and 1 min at 72 °C (extension) with a final
extension of 5 min at 72 °C. The amplified product was
resolved in 2.0% agarose gel and stained with ethidium
bromide (1 µg/ml), and the gel image was digitalized in
Alpha-Imager.
2.1.3. Amplification of 16S rRNA gene
Amplification of the 16S rRNA gene region was done by
primers pA (5’-AGAGTTTGATCCTGGCTCAG-3’) and
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pH (5’-AAGGAGGTGATCCAGCCGCA-3’) (Edwards et
al., 1989). The PCR mixture was the same as that described
by Singh et al. (2013). The amplified product was resolved
in 2.0% agarose gel and a digitalized image was obtained
as described above.
2.2. Sequencing of pyrrolnitrin D (prnD) and 16S rRNA
gene
Amplified fragments of the prnD gene were cloned in
T/A vector pCR2.1 (Invitrogen, USA) and transformed
into E. coli strain DH5-α. Transformants were screened
on Luria Bertani agar medium amended with kanamycin
(75 µg/mL) and X-Gal (20 µg/mL). Plasmid DNA
was extracted by the Plasmid Mini Kit (QIAGEN, the
Netherlands) and used for amplification. T7 and SP6
promoter primers (5’-GCTAGTTATTGCTCAGCGG3’/5’-ATTTAGGTGACACTATAGAA-3’) were used for
amplification of the cloned prnD gene and pA/pH primers
for the 16S rRNA gene for sequencing. Cycle sequencing
was performed using the Big Dye v3.0 chain termination
cycle sequencing kit following the manufacturer’s protocol
(ABI, USA). In brief, amplification of gene prnD and 16S
rRNA was carried out using T7/SP6 and pA/pH primers,
respectively. The sequencing master mix was used for the
amplification reaction in a thermal cycler with conditions
of initial denaturation of 96 °C for 30 s followed by 25
cycles of denaturation at 96 °C for 10 s, annealing at 50 °C
for 5 s, and extension at 60 °C for 4 min. While performing
amplification of the 16S rRNA gene, annealing was done at
53 °C for 5 s. Amplification was followed by purification of
cycle-sequenced PCR products with the ethanol/sodium
acetate (3 M, pH 5.2) precipitation method. The purified
product was vacuum-dried and dissolved in 10 µL of HiDi
formamide (ABI), vortexed smoothly, and denatured
at 95 °C for 2 min followed by snap-chilling on ice. The
denatured sample was loaded on an automated sequencer
(3130XL Genetic Analyzer, ABI) for sequencing. The prnD
gene and 16S rRNA gene were sequenced from both sides
and assembled to get the full sequences. Gene sequences
were identified through similarity search against the
database through BLASTn and BLASTx (Table 1) for the
16S rRNA and prnD genes, respectively. Gene sequences
of prnD (1101 bp) and the 16S rRNA gene were deposited
in the NCBI database and accession numbers (KC847080
and KM679401) were obtained.
2.3. Protein modeling
Protein models were prepared from amino acid sequences
of prnD expressed by Pseudomonas fluorescens RajNB11,
Burkholderia sp., and Serratia sp. Three protein sequences
were modeled; the first sequence was from the lab organism
(P. fluorescens RajNB11) and the other two were retrieved
from the NCBI database (http://www.ncbi.nlm.nih.gov/
entrez). The gene sequences from prnD of Burkholderia
sp. and Serratia sp. were used to find the related protein
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Table 1. BLASTx results for the prnD gene from Pseudomonas fluorescens strain RajNB11.
S. no. Sequence description

Length

Score

Coverage

Identity

E value

Accession

1

Aminopyrrolnitrin oxidase
(P. fluorescens)

365 aa

769

99%

100%

0.0

AGN519491.1

2

2Fe-2S ferredoxin
(P. protegens)

363 aa

765

98%

100%

0.0

WP_011061884.1

3

2Fe-2S ferredoxin
(P. protegens)

363 aa

761

98%

99%

0.0

WP_041118840.1

4

2Fe-2S ferredoxin
(P. fluorescens)

363 aa

760

98%

99%

0.0

WP_019094365.1

5

2Fe-2S ferredoxin
(Pseudomonas sp.)

363 aa

721

98%

93%

0.0

ERO55431.1

6

Aminopyrrolnitrin oxidase PrnD
(P. fluorescens)

363 aa

720

98%

93%

0.0

AFI26234.1

structure to be used as a template by the BLAST (Basic
Local Search Alignment Tool) program (http://blast.ncbi.
nlm.nih.gov/Blast.cgi) against the Protein Data Bank
(PDB) database.
2.3.1. Primary and secondary structure analysis
Analysis of the primary structure of PrnD proteins was
performed on the ProtParam server (http://us.expasy.org/
tools/protparam.html) (Gasteiger et al., 2005) for the study
of physicochemical properties like theoretical isoelectric
point (pI), molecular weight, molecular formula, total
number of positive and negative residues, instability index
(II) (Guruprasad et al., 1991), extinction coefficient (Gill
and Hippel, 1989), aliphatic index (AI) (Ikai, 1980), and
grand average of hydropathy (GRAVY) (Kyte and Doolittle,
1982). The sulfide bond pattern (S-S) and linkages were
predicted by the CYS_REC (http://linux1.softberry.com/
berry.phtml/topic) tool. PSIPRED v3.3 (http://bioinf.
cs.ucl.ac.uk/psipred/) (Buchan et al., 2013) was employed
for the enumeration of the secondary structural features
(Jones, 1999) of PrnD protein sequences. PSI-BLAST
(Position Specific Iterated-Basic Local Search Alignment
Tool) (Altschul et al., 1997) of analyzed protein sequences
was performed against the database to get the positionspecific scoring matrix. The output results of PSI-BLAST
(Altschul et al., 1997) were used as input data to perform
analysis using PSIPRED v3.3 (Buchan et al., 2013).
2.3.2. Homology modeling and identification of
functional site
The 3-D models of PrnD protein sequences of
Pseudomonas fluorescens RajNB11, Burkholderia sp., and
Serratia sp. were generated by the I-TASSER web server
(Wu, 2007; Zhang, 2008; Roy et al., 2010; Yang et al.,
2013) and evaluated by VERIFY 3D (http://services.mbi.

ucla.edu/Verify_3D/) (Eisenberg et al., 1997), 3-D profile
analysis (Suyama et al., 1997), and Errat (MacArthur et
al., 1994; Gundampati et al., 2012) to check the quality of
the overall fold/structure, errors over localized regions,
and stereochemical parameters such as bond lengths and
angles. Structural validations of target protein models
were done by PROCHECK (Laskowski et al., 1993), which
determines stereochemical aspects along with main chain
and side chain parameters with a comprehensive analysis.
Distribution of amino acid residues of PrnD proteins in
allowed, favored, and disallowed regions was described
by Ramachandran plot analysis (Morris et al., 1992)
performed by the PROCHECK server (Laskowski et al.,
1993). Functional sites of proteins based on structural
conformations were predicted by the Q-site finder (Laurie
and Jackson, 2005). Visualization of proteins and a protein
contact map of target proteins were made with the Accelrys
Discovery Studio Visualizer v2.5 (Accelrys Software Inc.,
USA).
3. Results and discussion
3.1 Bacterial strain, genomic DNA, PCR, and sequencing
analysis
The bacterial isolate RajNB11 showed medium size, with
flat and off-white colored colonies with smooth margins
on King’s B growth medium. It showed production of a
greenish yellow (Figure 1a) pigment that fluoresced under
UV light (Figure 1b). The isolate was found to be gramnegative and rod-shaped (Figure 2). PCR amplification
using specific primers yielded a product of 1.5 kb for the
16S rRNA gene and about 1.0 kb for the prnD gene. The
sequencing of the 16S rRNA gene from RajNB11 followed
by BLASTn search showed similarity index of >97% with
Pseudomonas fluorescens in the RDP database (Cole et al.,
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Figure 1. (a) Bacterial isolate showed pigment production on King’s B medium; (b) fluorescence test under
ultraviolet light.

2009). The BLASTx analysis of the sequenced prnD gene
showed its similarity with the putative aminopyrrolnitrin
protein (PrnD) (Table 1).
3.2. Protein structure analysis
The primary structures of representative protein sequences
of PrnD of Pseudomonas fluorescens RajNB11, Burkholderia
sp., and Serratia sp. were speculated and compared (Table
2). The computed isoelectric point (pI) was 8.77 for P.
fluorescens, 7.67 for Burkholderia sp., and 6.39 for Serratia
sp., indicating the basic nature of the target protein. This
was further supported by the ratio of negative and positive
residues of the proteins (Table 2). The estimated protein
extinction coefficient (Gill and Hippel, 1989) of the PrnD
protein of Burkholderia sp. was highest among the three
(Table 2), indicating that it can absorb more light than
the other two at a given wavelength. It also indicates the

Figure 2. Gram staining showing rod-shaped cells of P. fluorescens
strain RajNB11 under a microscope.
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presence of high concentrations of tryptophan, tyrosine,
and cystine residues, as these three amino acids are
important for determination of the extinction coefficient
(Edelhoch, 1967; Pace et al., 1995). Cystine content is
identical to the number of disulfide bonds in the protein
as it is formed when two cysteine residues are ligated with
a disulfide bond. This information could be helpful in the
chemical and physical stability of proteins (Trivedi et al.,
2009) as well as the quantitative study of protein–protein
and protein–ligand interactions in solution. The sulfide
(S-S) bonding pattern showed that the PrnD proteins of
Burkholderia sp. and Serratia sp. have 2 cysteine residues at
positions 145 and 174, while P. fluorescens RajNB11 has 3
cysteine residues at positions 3, 146, and 175. These results
showed that the PrnD protein of P. fluorescens RajNB11
has higher enthalpy and thermodynamic stability in the
folded state (Dill, 1990; Tiedge et al., 2000) as compared
to Burkholderia and Serratia. It is known that the disulfide
bond increases the entropy of proteins in the folded
state by stabilizing local interaction (Wedemeyer, 2000).
The folded protein structure is a biologically functional
molecule, which is resistant to the next rearrangement and
has higher stability (Walker and Gilbert, 1997).
The thermal stability of the PrnD protein was also
determined by II (Table 2), which was found to be 34.32,
27.19, and 34.13 for P. fluorescens RajNB11, Burkholderia
sp., and Serratia sp., respectively. All the three PrnD
proteins are thermostable, as values of II smaller than 40
make them stable while those above 40 lead to instability
(Guruprasad et al., 1991). The calculated AI of the proteins
were 79.53 (P. fluorescens RajNB11), 76.70 (Burkholderia
sp.), and 77.66 (Serratia sp.) (Table 2). These values reflect
the higher relative volume occupied by aliphatic side
chains (alanine, valine, isoleucine, and leucine) (Gasteiger

SINGH et al. / Turk J Biol
Table 2. Details of primary structural properties of PrnD proteins.
Organism

Acc. number

Molecular formula

M.W.

pI.

–R

+R

EC

II

AI

GRAVY

P. fluorescens RajNB11

KC847080

C1842H2809N515O506S17

40.80

8.77

35

40

78840

34.32

79.53

–0.245

Burkholderia sp.

ZP04891205

C1864H2845N527O522S18

41.57

7.67

42

43

77350

27.19

76.70

–0.285

Serratia sp.

WP_013814510

C1844H2805N511O522S19

41.09

6.39

42

38

82850

34.13

77.66

–0.728

et al., 2005) and showed that the proteins could be stable
at a wide range of temperatures. This is because higher AI
values indicate increased thermostability while lower AI
values indicate increased flexibility in the protein structure
(Singh et al., 2011). GRAVY values of the PrnD proteins
(Table 2) were found negative (–0.245, –0.285, and –0.264
respectively for the three strains), indicating the hydrophilic
nature of the proteins. Hydropathy (hydrophobicity vs.
hydrophilicity or lipophobicity vs. lipophilicity) is usually
expressed by numbers (hydrophobic moments) ranging
from –7.5 (arginine) to 3.1 (isoleucine). More positive
values indicate that the majority of the amino acid residues
will tend to push out of aqueous environment. In contrast,
negative values indicate hydrophilic side chains having
greater affinity for water (Eisenberg et al., 1984).
The secondary structures of the PrnD proteins
(Figure 3) of target genera were predicted and analyzed
by the PSIPRED v3.3 server (Buchan et al., 2013) and are
shown in Table 3. Currently, the algorithms mostly used
for protein secondary structure prediction are based on
machine learning techniques in which PSIPRED v3.3
has been shown to be capable of achieving an average
Q3 score of 81.6%, which is a maximum score for any
method published to date (Buchan et al., 2013). α-Helices
are the most common secondary conformation in natural
proteins and about 40% of amino acids adopt helical
conformations (Almeida et al., 2012). Our results showed
that the numbers of helices (Table 3) that are dominant in
the predicted structures (Figure 3) support the stability of
all three studied proteins, by both enthalpic and entropic
contributions (Qin and Buehler, 2010). The tertiary
structure prediction was performed by the I-TASSER
server (Wu, 2007; Zhang, 2008; Roy et al., 2010; Yang et al.,
2013) using the best aligned template (2zylA, 3gkeA: http://
www.rcsb.org/pdb/explore/explore.do/structureId=3gke
and 3gobA: http://www.rcsb.org/pdb/explore/explore.do/
structureId=3gob). The templates were selected to analyze
the 3-D structure with a higher sequence similarity that
would guarantee a more accurate alignment between
the target sequence and template structure (Sekhar et
al., 2006). Out of five generated similar models of the
target sequence, the best one was chosen after employing
different criteria like the C-score (a confidence score for

estimating the quality of predicted models), TM-score
(template modeling score: topological similarity between
two protein structures) (Zhang and Skolnick, 2004), and
root mean square deviation (RMSD) values for better
alignment with the template (Table 4). Results showed
that the protein model of Burkholderia sp. is closer to its
template than those of P. fluorescens RajNB11 and Serratia,
as a TM-score closer to 1.0 and RMSD value closer to 0.0
describe closeness between the models. A TM-score of
>0.5 indicates that both the proteins are in the same fold
(Xu and Zhang, 2010). The positive values of the C-scores
of all three models showed that they are significantly
closer to the template used. This also showed that the
protein model of Burkholderia is closer to its template. The
developed 3-D model (Figure 4) of the PrnD protein of P.
fluorescens RajNB11, Burkholderia sp., and Serratia sp. were
deposited in the PMDB database (PM0078950). Predicted
models (Figure 4) were further analyzed with the Accelrys
Discovery Studio Visualizer v.2.5. The generated structural
forecast reports of the PrnD protein models of all three
organisms contained different bonding patterns and the
details are given in Table 5. The predicted central atom
of the PrnD protein is Fe, a positively charged metal that
partakes in various properties of protein like stabilization
of the protein structure, ligand bonding, electron
transport, and substrate/coenzyme activation (Lee et al.,
2005). The generated contact maps of the PrnD protein
of the three genera explain the reduced representation of
the target structure that helps in the accurate prediction
of the protein structure from sequence data (Glasgow et
al., 2006). The quality of predicted structures (Figure 3) of
the PrnD protein were further assessed and confirmed by
VERIFY 3D (Eisenberg et al., 1997), 3-D profile (Suyama
et al., 1997), and Errat (Gundampati et al., 2012). The
analysis report of VERIFY 3D (Table 4) showed that
90.36% of the residues of the protein model of P. fluorescens
RajNB11 had average 3D-1D scores above 0.2, whereas
models of Burkholderia and Serratia had only 85.14% and
71.98% residues. A protein model needs at least 80% of
the amino acids with a score of >0.2 in the 3D-1D profile
to pass the analysis (Eisenberg et al., 1997). According
to the analysis by Errat (Table 4), the model structure
of P. fluorescens RajNB11 has an overall quality factor of
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Figure 3. Secondary structural analysis of all three proteins from the prnD gene.

40.653, Burkholderia of 21.823, and Serratia sp. of 21.910
(McArthur et al., 1994).
3.3. Ramachandran plot analysis
The stereochemical quality and accuracy of the predicted
models of PrnD were evaluated after the refinement

process using Ramachandran map calculations with
the PROCHECK program (Laskowski et al., 1993). The
Ramachandran plot (Figure 5) (Ramachandran et al., 1963)
obtained showed a tight clustering of phi~ –50 and psi~ –50.
In the plot analysis, the residues were classified according

Table 3. Comparative details of secondary structure of proteins of P. fluorescens RajNB11,
Burkholderia sp., and Serratia sp.
S. no.

628

Organism name

Alpha helix

Strand

Random coil

1.

Pseudomonas fluorescens RajNB11

222

97

44

2.

Burkholderia sp.

225

101

44

3.

Serratia sp.

222

98

44
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Table 4. Analysis details of tertiary structures of proteins of P. fluorescens RajNB11, Burkholderia sp., and Serratia sp.
Organism name

Template

C-score

Exp.TM-score

Exp. RMSD

No. of
decoys

Cluster
density

Verify 3D

Errat

P. fluorescens RajNB11

2zylA

–0.55

0.64 ± 0.13

7.8 ± 4.4

2098

0.1561

90.36%

40.56

Burkholderia sp.

3gkeA

0.25

0.75 ± 0.11

6.1 ± 3.8

2093

0.3420

85.14%

21.82

Serratia sp.

3gobA

–0.53

0.65 ± 0.13

7.8 ± 4.4

–2076

–0.1569

71.98%

21.91

Figure 4. The 3-D models of PrnD proteins of P. fluorescens RajNB11, Burkholderia sp., and Serratia sp.
Table 5. Type of bonds and their distribution in protein structures of P. fluorescens RajNB11, Burkholderia sp.,
and Serratia sp.
Organism name

Single bond

Double bond

Partial
double bond

Aromatic
bond

Sp2

Sp3

P. fluorescens RajNB11

2204

458

118

186

1715

1165

Burkholderia sp.

2234

460

142

180

1731

1165

Serratia sp.

2205

588

132

186

1731

1165

to regions in the quadrangle. The red regions in the graph
(Figure 5) point out the most allowed regions, whereas the
yellow regions represent allowed regions. Glycine is shown
by triangles and other residues are represented by squares.
The analysis report of the Ramachandran plot concluded
that phi and psi angles contributed in the conformation
of amino acids (Table 6) with 76.8%, 83.8%, and 84.4%
residues in most favored regions; 19.0%, 12.7%, and 12.1%
(16 amino acids) in the additional allowed region; 3.2%,
2.9%, and 2.2% in the generously allowed region; and
1.0%, 0.6%, and 1.3% residues in the disallowed region in
P. fluorescens RajNB11, Burkholderia sp., and Serratia sp.
respectively (Figure 5), indicating good quality plots (Filiz
and Tombuloğlu, 2015), excluding glycine and proline.
3.4. Functional site analysis
The Q-Site Finder server (Laurie and Jackson, 2005) was
employed for the prediction of functional site residues

(protein–ligand binding sites) in the modeled PrnD
proteins. This can be beneficial for molecular docking,
de novo drug design, and structural identiﬁcation and
comparison of functional sites prospectively for the
further study of PrnD proteins. Analysis resulted in 11,
13, and 14 putative functional site residues with significant
matches in the modeled proteins of P. fluorescens RajNB11,
Burkholderia sp., and Serratia sp., respectively. The
comparison of amino acid contents of PrnD proteins of
P. fluorescens, Burkholderia sp., and Serratia sp. are given
in Table 6. In comparison to the other two, P. fluorescens
RajNB11 protein reflected fewer acidic atoms. The
information on protein group atoms could be important
for further studies on protein interactions and/or activity
of PrnD. Among the predicted 3-D structures (Figure 4) of
the targeted three strains, Pseudomonas showed, based on
TM-score, RMSD value, VERIFY 3D analysis, and Errat
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Figure 5. Ramachandran plot analysis of PrnD protein models of P. fluorescens RajNB11, Burkholderia sp., and Serratia sp.

analysis, a comparatively superior structural model. The
overall 3-D structure of PrnD proteins is well conserved
among the bacteria of the studied genera.
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3.5. Comparative analysis of protein models
The 3-D structure of the PrnD protein of the 3 different
genera was predicted, superimposed (Figure 6), and

SINGH et al. / Turk J Biol
Table 6. Comparison of amino acid content of PrnD protein of P. fluorescens RajNB11, Burkholderia sp., and Serratia sp.
Organism name

Backbone

Side chain

Hydrophobic

Hydrophilic

Acidic

Basic

Disulfide

P. fluorescens RajNB11

1453

1427

140

116

35

55

2

Burkholderia sp.

1481

1450

141

119

42

56

2

Serratia sp.

1457

1439

139

119

42

52

2

Figure 6. Superimposition study of 3-D models: A (model of P. fluorescens RajNB11 with Burkholderia sp.), B (model of P. fluorescens
RajNB11 with Serratia sp.), and C (model of Burkholderia sp. and Serratia sp.).

compared. The comparative protein structure analysis
of these genera is still incomplete. The physicochemical
results showed that molecular weights for the PrnD
proteins expressed by the 3 bacterial genera are almost
identical (Table 2). However, Pseudomonas fluorescens
RajNB11 showed a significantly higher pI value of 8.77
as compared to Burkholderia sp. (7.67) and Serratia sp.
(6.37), which would play a key role during the purification
from the protein mixture. P. fluorescens RajNB11 protein
exhibited more sulfur bonding sites in comparison to the
other 2 protein molecules, which provide extra stability
to the protein in in vitro expression. The II suggests that
although all three proteins are stable, the protein of P.
fluorescens RajNB11 is comparatively more stable than
the other two. The 3-D model of Burkholderia protein
had a higher C-score; however, all three proteins studied

have similarity in their structural attributes (Tables 2 and
3) with respect to TM-score and RMSD value (Table 4).
On the basis of the TM-score and RMSD value (Table 7),
it could be proposed that protein models of P. fluorescens
RajNB11 and Burkholderia sp. are closer to each other
and have similar folded states as compared to that of
Serratia sp. Active site prediction analysis showed that
the P. fluorescens RajNB11 PrnD protein is catalytically
more efficient than the other two proteins as it has 13
serine residues at its active sites, while Burkholderia
and Serratia have 9 and 10 serine residues. Based on all
the above analysis, it could be concluded that the PrnD
protein expressed by P. fluorescens RajNB11 is more stable
(higher II, higher AI, higher GRAVY) and functionally
more efficient, and it could be more easily separated from
a mixture than the other two compared proteins.

Table 7. Comparative and superimposition analysis of modeled 3D protein structures from P. fluorescens RajNB11,
Burkholderia sp., and Serratia sp.
Organism name,
model 1

Organism name,
model 2

TM-score

RMSD value

MaxSub- score

GDT-TS score

P. fluorescens
RajNB11

Burkholderia sp.

0.7419

6.784

0.4901

0.5331

P. fluorescens
RajNB11

Serratia sp.

0.6454

7.020

0.1864

0.3558

Burkholderia sp.

Serratia sp.

0.7296

8.135

0.2104

0.4595
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